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Recent experimental work has demonstrated production of quasi free-standing graphene
by methane intercalation. The intercalation weakens the coupling of adjacent graphene
layers and yields Dirac fermion behaviour of monolayer graphene. We have investigated
the electronic characteristics of methane intercepted graphene bilayer under a
perpendicularly applied electric field. Evolution of the band structure of intercalated
graphene as a function of the bias is studied by means of density-functional theory
including interlayer van der Waals interactions. The implications of controllable band gap
opening in methane-intercalated graphene for future device applications are discussed.
Noncovalent functionalization provides an effective way to modulate the
electronic properties of graphene. Recent experimental work has demonstrated that
hybrids of dipolar phototransductive molecules tethered to graphene are reversibly
tunable in doping. We have studied the electronic structure characteristics of
chromophore/graphene hybrids using dispersion-corrected density functional theory. The
Dirac point of noncovalently functionalized graphene shifts upward via cis-trans
isomerism, which is attributed to a change in the chromophore's dipole moment. Our
calculation results reveal that the experimentally observed reversible doping of graphene
is attributed to the change in charge transfer between the light-switchable chromophore
and graphene via isomerization. Furthermore, we show that by varying the electric field
perpendicular to the supramolecular functionalized graphene, additional tailoring of
graphene doping can be accomplished.
STRUCTURALAND ELECTRONICS PROPERTIES OF NANOCOVALENTLY
FUNCTIONALIZED GRAPHENE
ATHESIS
SUBMITTED TO THE FACULTY OF CLARK ATLANTA UNIVERSITY
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR







MIHIRI SHASHIKALA HEWA BOSTHANTHIRIGE
All Rights Reserved
ACKNOWLEDGMENTS
The work presented here would not have been possible without the support and guidance
of several people. First of all, I would like to express my greatest appreciation to my
advisor Dr. Xiao-Qian Wang, for his invaluable guidance, patience, motivation,
enthusiasm, immense knowledge, and supervision throughout the tenure of my study. He
is a great teacher who is sharing his knowledge with student. His guidance helped me in
all the time of research and writing of this thesis.
I also acknowledge the support given by Dr. Ronald E. Mickens, Dr. Alfred Z.
Msezane, Dr. Michael D. Williams, Zhifan Chen and the academic staff of the Clark
Atlanta University Department of Physics, helped me throughtout various projects. I wish
to thank my colleagues Dr. Darkeyah Reuven, Kelvin L. Suggs, Duminda K.
Samarakoon, Rosi N. Gunasinghe, Indra P. Sapkota, Chantel I. Nicolas, and all the other
members of the research group whose assistance, perception and advice influenced
production and made the office an interesting place to work. The research project was
supported in part by the National Science Foundation (Grant No. DMR-0934142) and
AFOSR (Grant No. FA9550-10-1-0254), who I am grateful for financial support.
Last but not the least; I would like to thank my family: my husband Asanga, my
parents, brother, sister and sister-in-law, for supporting me spiritually throughout my life





TABLE OF CONTENTS iv
LIST OF FIGURES v
LIST OF TABLES vi
LIST OF ABBREVIATIONS vii
CHAPTERS
1. INTRODUCTION 1
2. BAND GAP OPENING IN METHANE INTERCALATED GRAPHENE - 3
2.1 Introduction 3
2.2 Method 5
2.3 Results and Discussions 8
2.4 Conclusion 13
3. TUNABLE DOPING IN GRAPHENE BY LIGHT-SWICHABLE MOLECULES- 15
3.1 Introduction 15
3.2 Method 16





2.1 The optimized structures of two layers of graphene intercalated with methane 6
2.2 Calculated band structure for graphene bilayer, without intercalation and
with methane intercalation 9
2.3 Calculated dependence of the energy gap on the applied electric bias for
Afl-stacked, methane-intercalated graphene 11
3.1 Optimized structures of cis- and trans-DRIP isomers tethered to the
graphene's surface 16
3.2 Calculated band structures of pristine graphene, trans-DRIP on graphene, and
cis-DRIP on graphene 19
3.3 VBM and CBM for cis- and trans-DRIP on graphene 21
3.4 Calculated band structure of trans-DR1P on graphene with electric biases 24
LIST OF TABLES
3.1 Table 3.1. MuUiken Charge of Individual Groups on cis and trans-





GICs Graphene Intercalation Compounds
DFT Density Functional Theory
GGA General Gradient Approximation
PBE Perdew-Burke-Ernzerhof
TS Tkatchenko-Scheffler
DRIP Pyrene Azo compound disperse red 1 pyrene
VBM Valance Band Maximum
CBM Conduction Band Minimum
HOMO Highest Occupied Molecular Orbital
LUMO Lowest Unoccupied Molecular Orbital




Graphene, a monolayer of 7i-conjugated carbon atoms arranged in a honeycomb
network, has attracted a great deal of attention in recent years due to its potential
applications in the fields of optoelectronics, sensors, and hydrogen storage.1"8 The
significant electrical properties of graphene indicate that it could be a viable successor for
copper based wiring in electronic devices. One of the challenges is to functionalize
graphene while preserving its unique electrical properties for the application purposes. A
variety of functionalization approaches have been utilized, including deposition of metal
or molecules on graphene and intercalation of metal clusters or molecules between the
graphene layers. The electronic properties have been shown to be tunable from metallic
to semiconducting with hydrogen intercalation. The preparation of high quality graphene
as host materials is pivotal for further device applications. As such, an in-depth
understanding of the electronic properties of graphene derivatives is critical to successful
integration of graphene into future nanoelectronic devices [8-17].
Graphene is well-known for its unique properties, including its remarkable
thermal conductivity, charge transport, and mechanical strength [1,43,44]. Graphene has
a sp2-hybridized planar network of carbons with extended n conjugation that makes it
an ideal material for electronics applications [1,43-47]. Although covalent
1
functionalization of graphene provides a way to tailor its electronic properties, the
distortion of the sp2 network remains difficult to control [48-66] On the other hand, non-
covalent functionalization of graphene is a controlled method whereby the n network is
preserved, while the corresponding electronic properties are tuned by varying the dopant
[67-69]. A controlled graphene doping technique is highly desirable for building stable
devices with potential applications as biosensors and field-effect transistors [70,71]
Various methods and combinations of methods were used to functionalize
graphene and its allotropes. In this study we used electrical biasing as a means to tunable
dopeing and band gap opening in several structures. In the first segment AA-stacked
bilayer and AB-stacked bilayer graphene intercalated with methane were electrically
biased. In later segment a single layer graphene with trans-DRIP and ds-DRlP were also
electrically biased.
The goal of this work is to understand electrical biasing and the doping effect of
in graphene by Light-Switchable Molecules, and to also observe the effects of electrical
biasing on different compounds. Chapter 1 of this work introduces the topic and states the
purpose of the endeavor. Chapters 2 and 3 provide background on the structures studied
the methodology and discuss results related to the structural and electronic properties of
the intercalated graphene and biased graphene with Light-Switchable Molecules
respectively.
CHAPTER 2
2 BAND GAP OPENING IN METHANE INTERCALATED GRAPHENE
2.1 Introduction
Graphene or graphene nanoribbons (GNRs) can be fabricated by mechanical
exfoliation of graphite, unzipping carbon nanotubes, and epitaxial growth on metal
surfaces [12-19]. The key factor in determining the electronic properties stands for the
ensuing interlayer coupling. The modification of interlayer coupling associated with
multilayer graphene may promote or diminish the Dirac fermion characteristic of charge
carriers. For instance, epitaxial graphene (EG) on SiC has been viewed as an effective
route for fabricating quality graphene. EG on SiC(OOOl) wafer provides a means for
integration in existing device technology [3]. However, a limiting factor in the
application of such wafers is the intrinsic electron doping and low electron mobility due
to the presence of a buffer layer. Effective decoupling of the buffer layer has been carried
out using H and other elements. On the other hand, the EG on the C-face is a prototype
example in that the multilayer graphene on the (0001 □) behaves like a freestanding
monolayer [11-12], owing to the fact that the interlayer coupling between adjacent
graphene layers is drastically weakened by rotational faults [20-23].
The preparation of quasi-free-standing monolayer graphene is tremendously
challenging [11,12]. It is thus highly desirable to explore ways of tuning the interlayer
coupling in multilayer graphene while preserving the ideal Dirac fermion feature [20-23].
With exposure to hydrogen at high temperature during growth, recent experimental work
has demonstrated high quality EG synthesis, which not only forms an ordered structure,
but also possesses decoupling between adjacent layers. The epitaxial graphene grown on
SiC (0001) by exposure to hydrogen can lead to organic intercalation; thereby yielding an
effective freestanding monolayer electronic structure [14-19]. These advances lead to a
promising route to graphene-based device applications.
The role of interlayer coupling played in determining the electronic structure
characteristics can be illustrated by comparing graphite with graphene [20-23]. In
graphite, the Bernalstacked graphene layers are rotated 60° relative to adjacent sheets in
the stack. The stacking-induced disparity of the 'A' and '£' atom in graphite is generally
labelled as AB stacking. The two atoms in a graphene unit-cell (referred to as 'A' and lB\
respectively) become different in Bernal-stacked bilayers. The n- bonding and n*-
antibonding bands of graphene disperse linearly with momentum in the proximity of the
Dirac point [11-15].
Recent experimental advances have demonstrated graphene intercalation
compounds (GICs) that are formed by insertion of molecular layers with various
chemical species between graphite layers [14-19]. A variety of potential applications
using different intercalants, such as hydrogen, metal clusters, and methane, has been
examined [14-19]. EG on (0001) SiC surface has been prepared by exposing the graphene
surface to hydrogen [3]. This procedure ensures the intercalation of H and related organic
molecules, especially methane, under high temperature followed by a slow cooling
process [14]. The interlayer separation is found to be greater than 3.469 A, the interlayer
distance of Afl-stacked graphite [20].
2.2 Method
To facilitate an in-depth understanding of the electronic properties of methane-
intercalated graphene, herein we report on a theoretical study of the band structures based
on a dispersion corrected density-functional theory (DFT) approach. Our first principles
calculations are based on general gradient approximation (GGA) with the exchange
correlation of Perdew-Burke-Ernzerhof (PBE) parametrization [26]. We employed the
dispersion correction using the Tkatchenko-Scheffler (TS) scheme, which exploits the
relationship between polarizability and volume [27]. The TS dispersion correction takes
into account the relative variation in dispersion coefficients of various atomic bonding by
weighting values extracted from the high-quality ab initio database with atomic volumes
derived from partitioning of the self-consistent electronic density [27,28].
To model the methane-intercepted graphene, we used a bilayer graphene with 2 x
2 cell intercepted with a methane molecule. A supercell with a vacuum space of 16 A
normal to the graphene plane was used. The effect of the electric field was studied by
adding induced dipole potential via the dipolar nuclear charges [28]. A kinetic energy
change of 3 x 10-4 eV in the orbital basis and appropriate Monkhorst-Pack it-point grids
of 6 x 6 x 1 were sufficient to converge with the integration of the charge density. The
optimization of the atomic positions proceeds until the change in energy is less than 1 x
10-5 eV per cell.
AA AB
Figure 2.1 Perspective view of optimized structures of two layers of graphene
intercalated with methane. The AA- and Afl-stacked graphene layers sandwiched with
methane are shown in the left and right panels, respectively.
The atomistic schematics of two prototype methane intercalated graphene are
depicted in Figure 2.1. AA- and Afi-stacked bilayer graphene has odd and even symmetry
in sublattice exchange, respectively [20-25]. AA stacking refers to a configuration in
which the carbon atoms of the first layer are exactly aligned with respective carbon atoms
of the next layer. This is to be contrasted to A5-stacked configuration which is the
Bernal-stacked pattern in graphite. EG can be grown on either the Si-face (0001) or on C-
face (0001D) of the SiC substrate [11,12]. When intercalation is achieved, the interaction
between graphene layers is modified, which manifests itself in Dirac fermion behaviour.
The majority stacking in C-face multilayer graphene is not AB stacking, but stacking-
fault rotated adjacent layers. Consequently, a stack of graphene layers acts in a manner
similar to that of a pile of isolated graphene sheets [23-25].
Afi-stacked bilayer has characteristic band structure with parabolic dispersion and
is semi-metallic in that the conduction and valence bands touch at the Fermi level.
However, in contrast to the parabolic dispersion for graphite, AA-stacked bilayer shows
multiple dispersed linear dispersion bands. In the AA stacking, the sublattice exchange is
of even symmetry and the interlayer electronic coupling is suppressed by a significant
Pauli repulsion arising between the graphene layers [24,25]. The sublattice exchange
symmetry greatly impacts on the electronic band structure [23-25].
As seen in Figure 2.1, the intercalated methane molecule in the AA-stacked
bilayer has three H-atoms point toward the bottom graphene layer and form a plane that
is parallel to bottom graphene layer, whereas the fourth H-atom point straight up toward
the top graphene layer. The three planar H-atoms preserve the C3v symmetry of the
bilayer. In contrast, in AB stacking, it is found that two-hydrogen atoms of methane are
oriented toward downward graphene plane and two other H-atoms point upward toward
the higher graphene plane. However, it is evident that the orientation of methane is
distinctive from that ofAA stacking. From these calculations, it is concluded that (/) the
energy ofAB stacking is always lower than that ofAA stacking; (if) no noticeable
distortion of methane is found after intercalation as seen in C-H distance which are 0.96
and 0.98 A, with the tetrahedral angle of 109.66° and 109.51° for AB and AA stacking,
respectively. The expansion of the separation between the layers is found to be 6.994 and
6.992 A for AB- and AA stacking, respectively. The corrugation is found to be less than
0.003 A establishing the fact that graphene layers are essentially flat. The predicted
virtually flat methane-intercalated graphene is in conformity with experimental
observations [14].
2.3 Results and Discussion
It is worth mentioning that the energy difference before and after intercalation
between AB and AA stacking amounts to -0.031 and -0.153 eV per carbon atom,
respectively. The prominent increase of the stability of AS-stacked bilayer with methane
intercalation is attributed to the distinctive methane interception conformations. An
important ramification of this result is that, although the methane intercalation
substantially weakens the interlayer coupling, the methane-mediated interactions play a
pivotal role in determining the optimal intercalated conformations.
We illustrate in Figure 2.2 the corresponding AA- and AB-stacked band structures.
As seen in Figure 2.2, the band structure of AAstacked bilayer graphene shows two Dirac
crossings in the proximity of the K-point. By contrast, the AB-stacked bilayer displays
two parabolic bands with a separation of 0.37 and 0.43eV splitting for conduction and
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Figure 2.2 Calculated band structure (a), (b), (c) for AA-stacked bilayer and (d), (e), (f)
for Afl-stacked bilayer, without intercalation (left panels), with methane intercalation
(middle panels), and methane-intercalated graphene with 0.26 V/A electric bias (right
panels), respectively. T = (0, 0) nla, K= (-n/3a, 2n/3a), M= (0, nlla), where a = 4.887 A.
The Fermi level, highlighted by dashed red line, is shifted to 0 eV.
The effect of intercalation on the interlayer coupling is manifested in the band
structure of methane-intercalated bilayer graphene, which implies much weakened
interlayer coupling (Figure 2.2b and e). It is worth noting that the distinctive band
structure characteristics associated with the sublattice exchange symmetry become
dormant after methane intercalation. As a matter of fact, AA- and Afi-stacked
conformations display nearly identical band structures. The linear dispersion of the tc and
7i* bands for methane-intercalated structures indicates electronically isolated layers
analogous to free-standing monolayer graphene. The quasi free-standing graphene is
charge neutral in contrast to the electron doped EG, which is attributed to the effective
decoupling of contributions from the buffer layer.
While our results support the experimental findings in that the methane-
intercalated graphene provides a facile approach for systems displaying free-standing
monolayer graphene behavior [14], it is of crucial importance to explore the capability of
engineering a band gap for electronic transistor devices [29-42]. At this juncture, it is
highly desirable to examine the methane-intercalated bilayer graphene under a
perpendicularly applied electric bias. Recent experimental advances have demonstrated
the effective tailoring of a band gap for AJS-stacked bilayer graphene [32-37]. The
enhanced stability of Afl-stacked, methane30 intercalated bilayer could lead to electric-
bias-induced gap opening.
To access the feasibility of such a scenario, we show in Figure 2.2c and f the
corresponding band structure with an electric bias for AA- and AB-stacked bilayer,
respectively. Upon the application of an electric bias, the electronic states near the Fermi
level recover to the corresponding AA- and Afl-stacked characteristics in the absence of
the methane intercalation. This is attributed to the enhanced dipole interactions generated
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by the electric bias [20]. While the AA-stacked band structure is analogous to pristine AA
bilayer with the electric bias tuning the "distance" of the doubled Dirac crossing [20], the
methane-intercalated, Afl-stacked structure shows a gap opening at the K-point. Whether
or not there is a gap opening depends on constraints associated with the sublattice
exchange [24,25], as the AA and AB stacking yields distinctive responses to the electric
bias [24,25], For AA-stacked conformation, the single Dirac cone splits into two Dirac
cones and the separation of the two cones in the momentum space is proportional to the
applied electric bias [20], In contrast, the methane-intercalated, Afl-stacked bilayer
graphene shows a tunable gap with the application of the electric bias.
0.3
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Figure 2.3 Calculated dependence of the energy gap on the applied electric bias for AB-
stacked, methane-intercalated graphene. Insets: extracted charge density of valence band
maximum (VBM) and conduction band minimum (CBM) at the band center, with
different wave function components colored with blue and yellow, respectively.
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We show in Figure 2.3 the extracted band gap vs. the variation of electric bias. As
seen in Figure 3.3, the methane-intercalated, Afistacked bilayer graphene shows a tunable
gap with the application of the electric bias. The largest value of the gap is 55 about 0.32
eV at an electric field of e = 0.15 V/A. We illustrate in the inset of Figure 2.3 the
extracted electronic charge density of near gap states. As seen from Figure 2.3 for the
electronic wave functions at zero bias follows a chain feature for the ti and n* states,
while the chain feature is notably modified at finite bias. This electric-bias-induced
charge isolation is connected to the gap opening as the breaking ofAB sublattice
symmetry is a prerequisite for the gap opening [24-26].
A few ramifications of these results should be remarked. (/) In real GIC systems,
one would expect to find both AA and AB stacked regions as twisted bilayers [11,12],
consisting of both AA and Afl-stacked regions, are the predominant stacking pattern for
multilayer graphene. The mixed odd and even sublattice exchange symmetry leads to
intricate interplay between the gap opening and doubled Dirac crossings [24]. However,
our calculation results indicate a markedly stability enhancement of Afi-stacking patterns
with methane-intercalation. As a result, we believe that the methane-intercalated bilayer
graphene serves as an ideal candidate for electric-field-induced band gap opening, (ii)
The electric-bias-induced dipole-dipole interactions are primarily responsible for the
band gap opening. This observation also indicates significant charge transfer between the
conduction and valence states due to dipole-dipole interactions [35-38]. However, further
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increase of the electric bias leads to level hybridization of other near gap states, which
results in the reduction of the band gap. (hi) The linear dispersion near the Fermi level
appears to be intact after the opening of a band gap [39-42]. This feature is important for
both practical device applications and the transportof charge carriers, (iv) It is worth
mentioning that the dispersion correction is necessary for an accurate description of the
85 structural and electronic properties. Our current approach based on dispersion-
corrected DFT provides quantitatively accurate results for the layer distance which are
found to be 3.512 and 3.412 A for AA and AB stacked bilayer, respectively. These
calculated values stand for substantial improvement over results in the absence of
dispersion correction [20]. Moreover, the effect of electric bias is incorporated in a
modified Hamiltonian for electronic structures [20].
2.4 Conclusion
In summary, the evolution of electronic properties of methane-intercalated
graphene as a function of the applied electric bias has been studied using theoretical
dispersioncorrected density functional calculations. The present work demonstrates that
significant control of the low-energy electronic states of graphene can be accomplished
by tuning interlayer interactions through methane intercalation. The additional control of
the electronic properties of intercalated graphene as a function electric bias should extend
the range of distinctive physical phenomena and applications for nonodevices. We
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remark, before closing, that the interlayer coupling plays an important role in a variety of
graphene-based systems, which is considered as a promising substrate for device
applications. We hope that the prediction of a band gap opening that is tunable by the




3. TUNABLE DOPING IN GRAPHENE BY LIGHT-SWICHABLE MOLECULES
3.1 Introduction
Molecules with extended conjugated systems, such as pyrene, have been
employed for noncovalent binding to graphene due to the n-n interactions between
pyrene and gaphene sp2- hybridized networks [1, 72]; however, strong binding capability
alone is not enough to achieve the desired effect due to pyrene's ineffectiveness as a
dopant for practical applica- tions [73-75] One way to circumvent this issue is to utilize
compounds derived from pyrene and dipolar molecules. The resulting pyrene derivative
provides an opportunity to bind a strong dopant to graphene while preserving its unique
electronic characteristics. Recent experimental work has shown that when tethered to the
graphene's surface, the pyrene azo compound disperse red 1 pyrene (DRIP) is effective at
modulating graphene doping via photoisomeriza- tion [67]. An increase in its dipole
moment can be accomplished as the azobenzene-derived chromophore switches from a
cis to a trans isomer, leading to distinctive doping behavior [56, 67]. However, an in-
depth understanding of these charge transfer interactions remains unclear [74, 75]. Here,
we report results based on dispersion-corrected density functional theory (DFT)
calculations [35]. Our results shed further light on the correlation between changes in
15
dipole moment and charge transfer. Moreover, we investigate the effect of applying a
perpendicular electric bias to tune graphene's electronic properties.
3.2 Method
We have performed calculations based on dispersion-corrected DFT to
characterize structural and electronic properties. For the exchange-correlation functional,
the gradient-corrected (GGA) Perdew-Burke-Ernzerhof (PBE) form was used [26]. To
account for the interlayer van der Waals interactions, we utilized a dispersion correction
that is based on the Tkatchenko-Scheffler (TS) scheme, which exploits the relationship
between polarizability and volume [76]. The semi-empirial TS dispersion correction takes
into account the relative variation in dispersion coefficients of various atomic bondings. It
weights the values extracted from the high-quality ab initio database with atomic volumes
derived from partitioning the self-consistent electron density [76]. The TS scheme has
been successfully applied to a variety of systems for a much improved accuracy.
Specifically, for graphite, local- density approximation overestimates the binding between
the graphene layers, while GGA is very weak in binding [77, 78]. Inclusion of the
dispersion correction yields the correct layer distance of 3.719 A, which is in good
agreement with experiments [77].
We have used a 7 x 7 rombus cell that consistents of 98 carbon atoms and the
DRIP molecule. The DRIP molecule has a pyrene group along with an azobenzene
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group. The DRIP has [35] carbon, 4 nitrogen [73], hydrogen, and 4 oxygen atoms. Shown
in Figure 3.1 are the opetimized structures of cw-DRIP and trans-DRIP, respectively. As
seen from Figure 3.1, the pyrene is nearly parallel to the graphene surface (with a slightly
slanted angle of 6.5°). The azobenzene group serves as an optical switch to control the
doping of the fractionalized graphene [67]. In the c/s-DRlP conformation, the
azobenzene group bends down, whereas the azobenzene group in the trans-DRIP
stretches out. The stretched and bent conformations are characteristic of the light-switch
molecule [67]. The dipole moment of 9D in the trans conformation of azobenzene
reduced to 6D in cis [67].
Furthermore; we have applied electric bias to both cw-DRIP and trans-DRIP.
Using first-principles calculations, we found that in an applied electric field, the electrons
of the trans-DRIP molecules are polarized. The quantum mechanical analysis for the
description of a polarizable, neutral particle in a homogeneous electric field can be
applied to an electrostatic potential distribution over the entire molecule.
Periodic-boundary conditions were employed with a super- cell in the x-y plane
that was large enough to eliminate interactions between neighboring replicas. A double
numerical basis was sufficient for the grid integration of the charge density to converge.
All structures were relaxed with forces less than 0.01 eV/A [33].
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c/s-DRlP trans-DRIP
Figure 3.1. Optimized structures of cis- and trans-DRIP isomers tethered to the
graphene's surface in the left and right panels, respectively. Red, blue, and gray spheres
represent oxygen, nitrogen, and carbon atoms, respectively.
3.3 Results and Discussion
The binding enery for trans-DRIP and cw-DRIP is -1190.6 eV and -1160.7 eV
respectively. The trans-DRIP has lower energy than cw-DRIP, and the isomerism can be
induced by illumination of UV and white light [67]. The effect of doping can be readily
clarified by the shift of the Direc point in the band structure [38]. As seen from Figure
3.2, the Dirac point is located at the Fermi level in pristine graphene as well as in the cis-
DRlP/graphene hybrid, whereas the corresponding Dirac point is shifted upward from the
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Figure 3.2. Calculated band structures of (a) pristine graphene, (b) trans-DRIP on
graphene, and (c) m-DRIP on graphene, respectively. T = (0, 0), K = (7t/3a, 27r/3a), M =
(0,7t/2a), where a = 17.220 A. The Fermi level is shifted to 0 eV (red dashed line).
Fermi level in the trans-DRIP/ graphene hybrid. The bands associated with the two
DRIP isomers are characterized as flat bands, in contrast with the dispersed bands of
graphene. For the /rans-DRlP/graphene hybrid, there are two flat bands that are in close
proximity to the Fermi level. Specifically, the two flat bands can be viewed as arising
from the hybridization between graphene's Ti-band and the highest occupied molecular
orbital (HOMO) and HOMO-1, respectively. The relative location of the HOMO-derived
and HOMO-1-derived bands of DRIP plays an important role in electron doping. In this
case, trans-DRIP provides a pool for electron doping because the HOMO-derived DRIP
band is very close to the Fermi level. The strong doping of DRIP is also manifested in the
amount of upward shift of the Dirac point. Furthermore, trans-DRIP has p-doping,
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whereas for cis- DRIP, there is no shift of the Dirac point, implying a much less effort of
doping. As seen from the band structure (Figure 3.2), the HOMO-derived band of trans-
DR1P is closer to the Fermi level, and the LUMO-derived band is located far above the
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Figure 3.3. Isosurfaces of the valence band maximum (VBM) and conduction band
minimum (CBM) for cis- and trans-DRlP on graphene with 0.2 au isovalue.
On the other hand, the two corresponding flat bands for the c/s-DRlP/graphene
hybrid are located relatively far away from the Fermi level and are separated from one
another. Hence, the doping of graphene by the cw-DRIP is negligible. It is worth noting
that there is no shift of the Dirac point for cis-DRIP- functionalized graphene. Although
it is evident that the cis-trans isomerization yields changes in electronic doping, a
quantitative characterization of the doping behavior through the shifts of Dirac point is
useful.
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To further pursue the charge transfer behavior, we illustrate in Figure 3.3 the
isosurfaces associated with the valence band maximum (VBM) and conduction band
minimum (CBM) of both cis and /rans-DRlP/graphene. For the trans-DRIP/ graphene
hybrid, the VBM charge density is located on both the pyrene ring and the lower ring of
the azobenzene group, whereas that of the cw-DRlP/graphene hybrid is concentrated on
the whole azobenzene group only.









































This difference in charge confinement is correlated with distinct doping behaviors.
Charge transfer plays a major role in graphene doping by the cis and trans chromophores.
To characterize charge transfer, we extract the MuUiken charges for both isomers, which
are 0.01 and 0.02 e for the cis- and frans-DRlP/graphene hybrids, respectively (see Table
3.1). Charge transfer is more than twice as high for the trans-DRIP/ graphene hybrid
compared with the cis hybrid. It is worth noting that there exists intramolecular charge
transfer between the pyrene and azobenzene rings, as well. The trans conformation of the
azobenzene group allows for long-range charge transfer interactions between the two
21
rings, thereby illustrating its distinct doping character. On the other hand, the
corresponding charge transfer in c/j-DRIP is much weaker due to its smaller dipole
moment. These results are in agreement with experimental findings [67]. Specifically, it
was found that the trans-DRIP isomer is a stronger hole dopant than c/s-DRlP, which
when tethered to the graphene's surface yields an ~18% decrease in doping without
further synthesis.
M K
Figure 4. Calculated band structure of trans-DRIP on graphene with electric biases of (a)
0.05 V/A (from graphene to DRIP) and (b)-0.05 V/A (from DRIP to graphene),
respectively.
Although DRIP/graphene hybrids are tunable through cis-trans
photoisomerization, it is desirable to explore additional options to control graphene
doping. To this end, we have investigated the effect of applying an electric bias. Shown in
Figure 3.4 is the electronic structure of the /rans-DRlP/graphene hybrid when an electric
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field of 0.05 and -0.05 V/A is applied. The positive and negative electric biases
correspond to the field directions from graphene to DRIP and from DRIP to graphene,
respectively. Negative electric bias up-shifts the Dirac point of the structure by a factor of
2 higher than a positive electric bias, which indicates that this system can be further tuned
with applied electric bias in addition to photoisomerism. Consequently, the dipole
moment of trans-DRIP is altered by the electric field, thereby allowing the graphene
sheet to donate electrons to trans-DRIP via the pyrene ring, which is a favorable
direction for charge transfer.
The application of an electric bias in either direction enhances hole-doping as
characterized by considerable shifts in the Dirac point. The trans-DRIP component
undergoes intramolecular charge transfer as well as interlayer charge transfer.
Specifically, with an electric field in the direction from graphene to trans-DRIP, the
azobenzene ring becomes negatively charged, and the pyrene component shifts to being
positively charged. In contrast, a negative electric bias has the opposite effect.
Incremental increase in the electric bias leads to increased doping, as characterized by the
further Dirac point shifts, until a saturation point is eventually reached. This doping effect
is more pronounced when a negative electric bias is applied. For cis-DRIP, the
corresponding shift in the Dirac point with applied electric bias is not observed. This
result contrasts with experimental findings, which report that there is an observed doping
of graphene by cis-DRIP [67]. It is worth noting that the charge on the azobenzene
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component of cw-DRIP does not change with electric bias, indicating that its lower
dipole moment renders it as an ineffective dopant.
3.4 Conclusion
In summary, DRIP/graphene hybrids are reversibly tunable with light and an
applied electric field due to induced isomerism. Specifically, trans-DRIP was shown to
have significant graphene doping capabilities. Electronic structures of both the cis- and
frans-DRlP/graphene hybrids have been studied using dispersion-corrected density
functional calculations. Our results show that trans-DRIP has a significant effect on hole
doping, which is depicted by up-shifts of the Dirac point as compared with virtually no
shift of the Dirac point when graphene interacts with cis-DRIP. Isosurface plots of the
hybrids' CBM and VBM, together with Mulliken charge analysis, further confirm the
distinct charge transfer behavior. Moreover, our results reveal that the electronic features
of the frans-DRlP/graphene hybrid can be controlled with the use of an applied electric
field, depending on its magnitude and direction. With an electric bias directed from trans-
DRIP to graphene, charge transfer flows in a favorable direction and can be used in
conjunction with phototransconduction to tune the properties of graphene. The additional
control of the electronic properties of graphene doping as a function electric bias should
extend the range of distinctive physical phenomena and applications for nanodevices.
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